Structural perturbations in the Mn4CaO5 cluster site, an oxygen-evolving complex of photosystem II, such as those induced by Ca 2+/ Sr 2+ exchanges or Ca/Mn-removal have been known to induce long-range positive shifts (+30 mV to +150 mV) in the redox potential of the primary quinone electron acceptor plastoquinone A (QA) located 40 Å distant from the OEC. Here, we reanalyzed the crystal structure of Sr-PSII solved at 2.1 Å and compare it with the native Ca-PSII of 1.9 Å with focus on the acceptor site and report on the possible long-range interactions between the donor, Mn4Ca(Sr)O5 cluster, and acceptor sites.
into the plastoquinol pool in the membrane spanning region [6] . The highly reactive P680 •+ /Pheo •-and subsequent secondary radical pairs formed due to charge separation could be stabilized by oxidizing the catalytic center Mn4CaO5 cluster, also called the donor site, via a redox active tyrosine (D1-Tyr161). The P680 has the highest redox potential known in biology, Em =1.3 V (vs. SHE), which enables it to subtract electrons from and fully oxidizes two water molecules by accumulating oxidizing equivalents consecutively in the Mn4CaO5 cluster during Sn-state transitions, where n = 0-4 [5, 6] .
The high-resolution XRD structures of PSII provided a detailed picture on the architecture of the protein matrix and the co-factors arrangements involved in the lightinduced plastoquinone-reduction and water oxidation processes ( Fig. 1) [2, 3] . However, the mechanistic basis of these processes still not fully understood. Of which, for instance, the role of Ca 2+ in PSII light-induced water oxidation. Ca 2+ has long been known as an essential element for water oxidation [3] [4] [5] [6] [7] . For example, Ca 2+ removal was found to suppress the formation of higher-oxidation states beyond S2 state [7] . This effect can be retrieved by Ca 2+ or partially (ca. 40-50%) by Sr 2+ reconstitution into Ca 2+ depleted PSII [3, [7] [8] [9] . This implies that there is a supervening rearrangement on the donor site of PSII, and likely in other locations within the electron transfer (ET) chain. Indeed, fluorescence imaging data on Srmodified OEC PSII crystals showed altered properties of functional PSII, i.e. slowdown in the ET from QA to QB and a stabilized S2QA -charge recombination [10] . Consistent with this, a modified ET kinetics on the donor site accompanied with conformational changes on the acceptor site was observed upon perturbations in the donor sites by Ca 2+ /Sr 2+ (not by Cl -/Br -) exchanges and that this exchange upshifted the redox potential (Em) of QA -/QA by ~+30 mV [6, 11] . Moreover, even a larger upshift in the Em (QA/QA -) with ~+150 mV and relatively smaller shift (Em = +20 mV) in the non-heme iron (NHI) was reported previously in Mndepleted PSII, which is likely affecting the Ca 2+ binding to the OEC [4] . These results indicate that the ET events between the donor and acceptor sites are highly tuned and governed not only by the redox brokers along the ET pathway but also by the protein moiety as well as the conformational changes within the OEC vicinity. The mechanism behind the effects of these perturbations in the Mn4CaO5 cluster on the electrochemical properties of QA-Fe 2+ -QB and what are the structural changes that take place on the acceptor site in response to such perturbations remain largely unclear. Note that the Mn4CaO5 cluster is far distant (~40Å) from the acceptor site ( Fig. 1) [2, 3] . In our previous report on the Sr 2+ -PSII structure at 2.1 Å, we focused on the conformational changes that occurred in the Mn4Ca(Sr)O5 cluster and its local environment [3] . To further investigate the possible effects of Ca 2+ /Sr 2+ exchange in the long-range interactions with the acceptor site, the structure of Sr-PSII (PDB: 4IL6) [3] was revisited in comparison with the native Ca-PSII model of 1.9Å resolution (PDB: 3WU2) [2] with main focus on the primary quinone electron acceptor (QA) site as well as the local environment of the acceptor site QA-Fe 2+ -QB (Fig. 1) . It was reported previously that OEC perturbations by Ca 2+ /Sr 2+ exchange induces slight differences localized mainly in the OEC and nearby Hbonding networks mediated by water molecules. Significant change was observed at the 4 position of W3 -a water molecule binds to the Ca 2+ /Sr 2+ , which might be responsible from the O2 evolution reduction by ~60% comparing to the native PSII [2, 3, 12] . This is reasonable since the incorporation of Sr 2+ takes place in the OEC site and such conformational changes are expected to reduce the activity [3] . Figure 2 shows the structural comparison between Ca-PSII and Sr-PSII at the local vicinity of the BCT-Fe 2+ -His(4) and nearby QA and QB sites. QA is located between the primary electron acceptor and the NHI site and mediates ET in PSII reactions ( Fig. 1 ) [2] . It is thus reasonable to attribute the redox potential shifts of QA to the structural changes upon Mn/Ca depletion or Ca 2+ /Sr 2+ exchanges [5, 10, 11, 13] . QA is stabilized by van der Waals interactions including two moderate H-bonds via its carbonyl oxygens (C=O1, proximal and C=O2, distal) to N-Phe261-D2 and Nδ-His214-D2, respectively, as well as a π-stacking interaction with a nearby highly conserved D2-Trp253 (Table 1 ; Fig. 3 ) [2, 14] . This interaction is similar to the corresponding native QA interaction with slightly higher thermal motion, i.e. 10-20% increase in the temperature (B) factors (Table 1 ). This similarity indicates that the midpoint redox potential shifts (~+30 mV) observed upon Ca 2+ /Sr 2+ exchange could likely be due to indirect effects or due to other H-bonding mediators or electrostatic forces. Recent attenuated total reflection (ATR) FTIR difference spectroscopy study excluded the direct influence of Mn4CaO5 cluster perturbations on the QA site [5] . The D2-Thr217 was previously predicted to form an additional H-bond with the C=O (proximal) of QA and thus contributes to the positive shifts observed in the Em(QA -/QA) [12] .
We observed that this residue forms a moderate H-bond with the indole nitrogen (NƐ1) of nearby D2-Trp253 (~2.8 Å), whereas it interacts weakly (weak electrostatic) with the proximal C=O of QA with a shorter H-bond (~ -0.2 Å) in the Sr-PSII model implying a formation of H-bond in Sr-PSII, but not in Ca-PSII (~ 3.9 Å) (Fig. 3A,B) . These differences are similar between the two monomers of each model, although it roughly lies within the r.m.s.d value (0.21 Å) of the Cα atoms of Sr-PSII and Ca-PSII [2, 3] . Such differences may give rise to different electrostatic energies between mediators and thus shifting their redox potentials [15, 16] . Note that in the case of Ca 2+ /Sr 2+ exchange, the Em (QA) shift is only ~ +30 mV comparing to +150 mV when Ca 2+ or Mn(s) are depleted [4, 5] . By comparing the Hbonding with that of the Mn-depleted structure (PDB: 5MX2), we observed even shorter bond distance (3.48 Å) between the proximal C=O with the D2-Thr217 indicating an additional H-bond formation upon Mn-depletion [17] . This is in agreement with theoretical prediction and might be a cause for the upshifts in the Em of QA [13] . Similar behavior was also observed in the H-bonding environment of the primary quinone acceptor of the bacterial reaction center (bRC) [18] [19] [20] . The D2-Thr217 and D2-Trp253 are highly conserved between the bRC and PSII, thus similar mechanism is highly expected [2, 21] . Interestingly, the structural changes upon Ca 2+ /Sr 2+ exchanges or Mn-depletion gave rise to weaker Hbonds between the proximal C=O of QA with the imidazole nitrogen (Nδ) of D2-His214 with average distances of 2.79(+0.13) Å and 2.95(+0.29) Å, respectively [2, 3, 17] . The additional D2-Thr217 H-bond to QA results into a similar H-bonding environment between QA and QB (Fig. 3A,B) , which might be a cause for the decrease in the redox potential gap (∆Em) and hence causes an impairment in the forward ET while enhancing a direct charge recombination with P680 [22] . The perturbations in the His-QA interaction may affect their electrostatic coupling and perturbs the Em of QA. Moreover, the increased stabilization of QA with an additional H-bond from D2-Thr217 could lead to the positive shift in the redox potential [13] . It should be noted that such positive shifts might vary depending on the Hbond strength and hence the stability of QA. Therefore, the weak H-bond between D2-Thr217 and the C=O1 of QA in the Sr-PSII model might be the reason for the relatively smaller shifts, 30% lower than the Em upshifts of the Ca/Mn removal [5, 6] . We next analysed the structural differences between Sr-PSII and Ca-PSII at the NHI site (Fig. 2) . The NHI does not involve in the ET process between QA and QB. It binds to four histidine residues, of which two residues, the D2-His214 and D1-His215, form direct Hbonds with the proximal C=O of QA and QB, respectively. Several differences were observed in the NHI site between the two models, for example, significant displacement was observed in the NHI of monomer A (0.42 Å). The BCT, which binds the NHI with a bidentate via two C=O groups, is also displaced significantly in the Sr-PSII model with an average of 0.37 Å in the two monomers (Fig. 2) . This displacement has led to significant changes in the H-bonding network within the immediate environment of the NHI. In the Ca-PSII model, the BCT is in H-bonding distances with the phenol hydroxyls of D1-Tyr246
and D2-Tyr244 with 3.33 Å and 2.99 Å, respectively. These H-bond distances were significantly elongated in the Sr-PSII model especially the H-bond to the D1-Tyr246, which elongated by +0.31Å (3.64 Å). The role of BCT in PSII is controversial [23] , however, a recent report has shown that it involves in the redox tuning of PSII perhaps by modulating its binding strength during the ET [24] . This might explain the perturbed interactions of BCT to the NHI (Table 1 ) and D1-Tyr246 upon Ca 2+ /Sr 2+ exchange and likely the positive shift in the Em of QA.
Recently, Kato et al. (2016) using an FTIR difference spectroscopy have reported that the positive shifts in the mid-point redox potential of QA -/QA might be due to a modulation in the pKa of distant carboxylate residues in the stromal site of PSII [5] . There are indeed 5 Glu residues, D1-Glu242, D1-Glu243, D1-Glu244, D2-Glu241 and D2-Glu242 in ~15 Å from the NHI center and 55 Å away from the Mn4CaO5 cluster toward the stromal side (Fig. 3A,B ) [2, 3] . Together, these residues form intensive H-bonding networks involving several water molecules from the stromal site to the NHI center (Fig. 3C) . Two significant structural changes between Sr-PSII and Ca-PSII exist in this region. First, the H-bonding between BCT C=O and two water molecules, denoted wat-1 and wat-2, is broken due to a loss of wat-1 in the Sr-PSII model (Fig. 2) . Wat-1 functions as a bridge between the BCT and these Glu residues via intensive H-bonding network beginning from wat-2 and D1-Glu244 and so up to the D1-Glu242 on the stromal site. In the Sr-PSII model the D1-Glu244 forms a weak Hbond with one of the C=O of BCT in the absence of wat-1 (Fig. 2) . Wat-1 also mediates the interaction between the BCT and D1-Ser268 residues which binds the D1-His272, a ligand of the NHI [2, 3] . However, it is not clear whether the absence of this water molecule can cause such a shift in the redox potential of QA site or not. Interestingly, wat-1 is preserved in the Mn-depleted structure in a single monomer, whereas both water molecules are absent in the second monomer [17] . The second difference was observed in one of the Sr-PSII monomer, where the side chain of D1-Glu243 residue formed two prominent rotamers with 0.5 occupancy for each monomer (Fig. 3C) . Such rotameric conformational changes indicate the dynamic nature of D1-Glu243 and hence its involvement in the electrostatic interaction with the acceptor site. It is important to note that the similarity between the two monomers of PSII are still debated, hence such differences between the two monomers cannot be excluded [25] . Further theoretical studies are required to justify the effects of the modulation of the electrostatic interactions of these Glu residues on the redox potential of QA and their long-range interactions with the Mn4CaO5 cluster.
Conclusion
In summary, the present work highlights the structural changes that take place in the acceptor site of PSII upon perturbations in the Mn4CaO5 cluster due to Ca 2+ /Sr 2+ exchanges.
We show that several structural changes have occurred at three different levels upon Ca 2+ /Sr 2+ exchanges; i) the additional H-bonding at the QA site formed by D2-Thr217, ii) the perturbations of BCT interactions with the NHI and nearby Tyr residues, and iii) the differences in the H-bonding network formed by the distal Glu residues at the stromal side with the NHI binding site. Some of these structural changes might be responsible from the positive shifts of the mid-point redox potential of the primary quinone electron acceptor QA and hence impairs the forward ET and enhance the backward ET and direct charge recombination between the QA and the P680 + , which is important for preventing PSII from the photo-inhibition.
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